Understanding the relationship between physical exercise, reactive oxygen species and skeletal muscle modification is important in order to better identify the benefits or the damages that appropriate or inappropriate exercise can induce. Unbalanced ROS levels can lead to oxidation of cellular macromolecules and a major class of protein oxidative modification is carbonylation. The aim of this investigation was to study muscle protein expression and carbonylation patterns in trained and untrained animal models. We analyzed two muscles characterized by different metabolisms: tibialis anterior and soleus.
Introduction
How physical exercise affects muscles depends on both mode, intensity and duration of training and specific characteristics of the skeletal muscle in question. In skeletal muscles, reactive oxygen (ROS) and nitrogen species (RNS) are normally synthesized at low levels and are required for normal force production [1] [2] [3] . Physical activity and its relative increase in oxygen consumption can lead to a temporary unbalance between production and disposal of ROS. To better understand the benefits or the damages that an appropriate or inappropriate exercise can induce, it is necessary to study the relationship between physical exercise, ROS and skeletal muscle modification. In fact, during intense activity, the high rate of O 2 consumption can cause incomplete oxygen reduction, and lead to the generation of ROS. High levels of ROS have been associated to cellular dysfunction due to DNA, protein and lipid oxidation. Although many early studies have considered exercise-induced ROS production as a potential detriment to physiological functions, recent studies are investigating an alternative role for ROS in exercise-induced muscle adaptation [4] . It is important to remember that ROS production may be quantitatively limited or counteracted by antioxidants, to prevent the establishment of an oxidative state. Among the various anti-oxidant systems, protein side-chain functional groups are estimated to capture 50-75% of all highly reactive oxygen species [5] . ROS may cause reversible and/or irreversible modifications on protein targets. Cysteine residues, for example, exist not only in fully reduced form (\SH) but also in different oxidation states that are partly reversible and can change relatively to the cell's redox state [6] [7] [8] . The introduction of carbonyl groups into proteins is another oxidative, non-enzymatic modification that occurs either as a result of direct attack by ROS or indirectly, through peroxidation of lipids that further attack protein acid residues [9] . Protein carbonylation can result in the unfolding or alteration of protein structure and function [10] . The evaluation of carbonylation groups is thought to be a good estimate of the extent of oxidative damage associated with aging, disease, toxic processes and physical exercise [11] [12] [13] [14] . In the past, the carbonylation process has been considered an irreversible process, following which damaged proteins are send to proteasome for degradation. Recently, however, Wong et al. [15, 16] discovered that not all carbonylated proteins are degraded by the proteasome and propose that protein carbonylation and decarbonylation are included in a signal transduction mechanism. A significant increase in muscle protein carbonylation following prolonged inactivity [17, 18] , during aging [19, 20] , and after physical exercise [21, 22] has been demonstrated. The relationship between oxidative stress and training has also been evaluated by measuring plasma protein carbonylation [23] . These studies assayed total carbonyl content without identifying specific oxidation protein targets. In a previous paper we identified, by proteomic analysis, plasma proteins that undergo carbonylation in response to physical exercise [24] . We found proteins that underwent carbonylation: 1) only after physical exercise, 2) independently of exercise, and 3) only in resting condition. Among the first group of carbonylated proteins, we reported Haptoglobin, a plasma glycoprotein whose main function is to protect Hemoglobin from oxidative damage and which is reported to be a risk factor in several oxidative stress-related diseases. Among the third group proteins, we found Serotransferrin and Fibrinogen which are thought to be the most susceptible to oxidation and show a reduced carbonylation level after physical exercise, thus suggesting a possible beneficial effect of the latter. The fact that a large number of carbonylated proteins was found to be carbonylated in resting condition means that carbonylation is a normal metabolic process [25] . It is yet early days for the application of proteomics in the investigation of the impact exercise has on muscle protein expression and modification and only few studies on this subject have been published [26] [27] [28] [29] [30] .
In this study we investigate how aerobic training influences protein expression and formation of protein carbonyl adducts in two types of skeletal muscle characterized by different energetic metabolisms: tibialis anterior and soleus. The tibialis anterior is mostly composed of fast-twitch fibers that have a high potential in ATP production by anaerobic pathway. The soleus, on the other hand, is mostly composed of slow-twitch fibers which are characterized by a high aerobic metabolism. In order to analyze the level of muscle oxidative stress following controlled training conditions, we used experimental animal models. Rats were assigned to either a sedentary or an exercise group. Exercise group rats were subjected to a 10-week aerobic training in order to reach~80% VO 2 max which corresponds to the consumption level reached by well-trained nonprofessional human athletes. The carbonylated protein pattern was studied by two-dimensional gel electrophoresis (2-DE) followed by Western blot (WB) with anti-dinitrophenyl hydrazone (DNP) antibodies. Studying two different muscle types, also enabled us to investigate whether an increase in oxidative stress is muscle specific. The aims of this study were the analysis of protein expression variation and oxidation induced by training, with special regard to: (a) explore whether different muscle types show an increase in oxidative stress after training; (b) identify the nature of oxidatively modified proteins (protein carbonylation indices); and (c) evaluate the possibility of a fiber-type specificity in protein oxidation.
2.
Materials and methods
Animal models and controlled exercise training
In our experiment, we used male albino Sprague-Dawley rats, aged two months at entry. Rats (four control rats and four trained rats) were housed in individual cages and fed standard diet without limitations. Room temperature was kept at 21 ± 2°C and 12 h of light were automatically alternated with 12 h of dark. The University Committee for the Use of Laboratory Animals approved animal handling, training protocol and mode of sacrifice. The investigation conformed to the American Physiological Society guidelines for exercising rodents on treadmills (American Physiological Society, 2006, http://www. the-aps.org/pa/action/exercise/book.pdf) and to the Guide for Care and Use of Laboratory Animals published by the National Institutes of Health [31] . After one week of acclimatization, rats were progressively trained in order to reach~80% of VO 2 max in 4 weeks. This workload was maintained for 6 weeks. At the end of this protocol, speed was 25 m/min at 10% slope. Training consisted in one hour morning exercise 3 times a week, using a 6-lane rodent treadmill at 10% slope. We used a control group of untrained rats which were placed on a non-moving treadmill during training sessions. Rats were anesthetized 1 h after the last training session with i.p. sodium thiopental (50 mg/kg) and weighed. They were then sacrificed by removal of the heart, which was used for other analyses. Hind limbs were opened and tibialis anterior and soleus muscles were isolated. After trimming excess water and connective tissue, the muscles were frozen in liquid nitrogen and stored at − 80°C until use for biochemical evaluations.
Muscle processing and 2-DE
Frozen muscles were ground in dry ice in a cooled mortar, suspended in lysis buffer (50 mM Tris-HCl pH 7.0, 150 mM NaCl, 2 mM EGTA, 100 mM NaF, 1% (v/v) NP-40, 0.5% (w/v) deoxycholate, 0.1% (w/v) SDS containing a cocktail of protease inhibitors (Sigma) and solubilised by sonication on ice. After centrifugation proteins were precipitated following a chloroform/methanol protocol [32] and resuspended in 8 M urea, 4% (w/v) CHAPS, 65 mM DTT. Eighteen centimeter IPG-strips pH 3-10 NL were rehydrated overnight at room temperature in 350 μL of rehydration buffer containing 8 M urea, 2% (w/v) CHAPS, 0.5% DTT 0.5% (w/v) IPG buffer, having the same pH range as the Immobiline DryStrips, and a trace of Bromophenol blue. Rehydrated strips were rinsed in double-distilled water to remove urea crystals. Samples (60 μg and 750 μg for analytical and preparative gels respectively) were cup-loaded near the anode of the IPG strips using Ettan IPGphor cuploading manifold (GE Healthcare) according to the manufacturer's protocol. The strips were focused at 20°C according to the following electrical conditions: 200 V for 1 h, from 300 V to 3500 V in 30 min, 3500 V for 3 h, from 3500 V to 8000 V in 30 min, and 8000 V until a total of 80,000 V/h was reached. After focusing, analytical and preparative IPG strips were equilibrated for 10 min in 6 M urea, 30% (v/v) glycerol, 2% (w/v) SDS, 2% (w/v) DTT in 0.05 M Tris-HCl buffer, pH 6.8, and subsequently for 10 min in the same buffer solution where DTT was substituted with 2.5% (w/v) iodoacetamide. The second dimension was carried out on 9-16% polyacrylamide linear gradient gels (18 cm× 20 cm× 1.5 mm) at 10°C and 40 mA/gel constant current until the dye front reached the bottom of the gel. Analytical gels were stained with ammoniacal silver nitrate as previously described [33] ; MS-preparative gels were stained with colloidal Coomassie [34] .
Derivatization and immunodetection of protein carbonyls (oxyblot)
After first dimension electrophoresis, protein carbonyls were derivatized to DNP by incubating IPG strips in 10 mM DNPH dissolved in 2 N HCl, for 20 min at room temperature. After washing the strips with 6 M Urea, 20% (v/v) Glycerol, 1% (w/v) SDS, 150 mM Tris-HCl, pH 6.8, the strips were reduced, alkylated and run on 9-16% polyacrylamide linear gradient gels (18 cm × 20 cm × 1.5 mm). After running, gels were blotted overnight on Polyvinylidene Fluoride (PVDF) membrane. The PVDF membranes were incubated for 3 h at 4°C with the primary antibody solution consisting of a 1:10,000 dilution of the anti-DNP IgG antibody (Sigma) in Phosphate-buffered saline (PBS) containing 5.0% non-fat dry milk. The blots were then washed with PBS, 0.1% (v/v) Tween and incubated with the goat anti-rabbit IgG/HRP conjugate (1:3000 dilution in PBS/Milk) for 1 h at room temperature. An enhanced chemiluminescence kit (Immobilon Western Chemiluminescent AP substrate, Millipore) was used for detection. The detection of protein carbonyl groups on PVDF membrane after 1-DE, was performed according to Dalle Donne et al. [35] . Briefly the membrane was incubated for 5 min with 0.1 mg/ml of DNPH dissolved in 2 N HCl and then washed 3 times in 2 N HCl and 7 times in 100% methanol (5 min each). The immunodetection of DNP-derivate was performed as described for PVDF membrane from 2-DE gels.
Image acquisition and analysis
Gel and oxyblot images were acquired using an Epson expression 1680 PRO scanner and saved as TIFF files. Computer-aided 2D image analysis was carried out using ImageMaster 2D Platinum software version 6.0 (GE Healthcare). Relative spot volume (% V= V single spot / V total spots, where V is the integration of the optical density over the spot area) was used during analysis in order to reduce experimental error. The intensity of carbonylated spots on Oxyblots was normalized vs their respective spots visualized on silver stained gels.
Mass spectrometry (MS) protein identification
Protein identification was carried out by peptide mass fingerprinting (PMF) on Ettan MALDI-TOF Pro mass spectometer (GE Healthcare) as previously described [36] . After visualization by colloidal Coomassie staining protocol, spots were mechanically excised, destained in 2.5 mM ammonium bicarbonate and 50% (v/v) acetonitrile and finally dehydrated in acetonitrile. They were then rehydratated in trypsin solution and in-gel protein digestion was performed by overnight incubation at 37°C. Each protein digest (0.75 μL) was spotted onto the MALDI target and allowed to air dry. Then 0.75 μL of matrix solution (saturated solution of α-cyano-4-hydroxycinnamic acid in 50% (v/v) acetonitrile and 0.5% (v/v) TFA) was applied to the sample which was then dried again. Mass spectra were acquired automatically using the Ettan MALDI Evaluation software (GE Healthcare). Spectra were internally calibrated using the autoproteolysis peptides of trypsin (842.51 and 2211.10 Da). Protein identification by Peptide Mass Fingerprints search was performed using MAS-COT version 2.2 as the search engine (Matrix Science, London, UK, http://www.matrixscience.com) through the Swiss-Prot/ UniprotKB database. Taxonomy was limited to Rattus norvegicus, a mass tolerance of 100 ppm was allowed and the number of accepted missed cleavage sites was set to one. Alkylation of cysteine by carbamidomethylation was considered a fixed modification, while oxidation of methionine was considered as a possible modification. The criteria used to accept identifications included the extent of sequence coverage (at least 10%), the number of matched peptides (at least 5) and a probabilistic score at p< 0.05.
Western blot and immunoprecipitation analysis of proteomics candidates
For 1-DE 20 μg of protein extracts were separated by 12% SDS-PAGE and transferred onto a PVDF membrane (Millipore). The relative amount of enolase protein was assessed by Western blot with appropriate antibodies (Santa Cruz Biotechnology). For quantification, the blots were stained with Coomassie brilliant blue R-250 and subjected to densitometric analysis performed using Quantity One Software (Bio-Rad). Statistical analysis of the data was performed by Student's t-test; p-values 0.05 were considered statistically significant. The intensity of the immunostained bands were normalized with the total protein intensities measured by Coomassie brilliant blue R-250 from the same blot. For the immunoprecipitation 500 μg of total proteins were incubated with the specified antibodies (anti-aldolase A, anti-actin, anti-enolase, all from Santa Cruz Biotechnology) in RIPA buffer and the immunocomplexes were collected on protein A-Sepharose (Sigma), separated by gel electrophoresis, and transferred to PVDF.
2.7.
Catalase activity
Catalase activity was measured in tibialis anterior and soleus skeletal muscle by the colorimetric assay described by Goth [37] . Frozen skeletal muscles from control and trained rats were crushed to powder using a ceramic mortar and pestle. The powder was homogenized in a lysis buffer containing 0.1 M sodium phosphate buffer, pH 7.0 and 3% Protease Inhibitor Cocktail (Sigma-Aldrich, St. Louis, MO). The homogenate was clarified by centrifugation at 4°C at 10,000 × g for 10 min to remove cell debris. The supernatant was incubated with H 2 O 2 (65 μmol/ml in a 6.0 mM sodium-potassium phosphate buffer, pH 7.4) at 37°C for 60 s; the enzymatic reaction was stopped by the addition of 32. 
SOD activity
SOD activity was determined in tibialis anterior and soleus skeletal muscles by a competitive colorimetric inhibition assay as previously described [38, 39] . This method is based on the ability of superoxide ions, generated by xanthine and xanthine oxidase, (Sigma-Aldrich) to reduce WST-1 (2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt (Dojindo Laboratories Co., Kumamoto, Japan) to a water-soluble formazan dye. SOD activity reduces superoxide concentration and inhibits formazan formation. Tibialis anterior and soleus skeletal muscles were crushed to powder using a ceramic mortar and pestle. The powder was homogenized in a lysis buffer containing 10 mM Tris, 1 mM EDTA, 0.1% (v/v) Triton X-100 and 3% Protease Inhibitor Cocktail (Sigma-Aldrich, St. Louis, MO). The homogenate was clarified by centrifugation at 4°C at 10,000 × g for 10 min to remove cell debris. The supernatant was incubated with a reaction mixture containing 500 μM WST-1.50 μM xanthine and xanthine oxidase (29 mU/mL) in 50 mM CHES (2-N-(Cyclohexylamino) ethanesulphonic acid, Sigma-Aldrich, St. Louis, MO), pH 8.0. Mn-SOD (SOD-2) activity was evaluated adding 1 mM KCN to inhibit cytosolic Cu,Zn-SOD (SOD-1). Formazan formation was measured at 450 nm using a 96-well plate reader (Victor2 Multilabel Counter, Perkin-Elmer, Waltham, MA). SOD activity, expressed in units per milligram of protein, was determined using a SOD reference curve.
TBARS measurement
As a lipid peroxidation marker, we measured thiobarbituric acid reactive substances (TBARS) according to the method described by Ohkawa et al. [40] . Malondialdehyde (MDA), measures were expressed in nanomoles per mg of proteins.
Statistical analyses
All data are presented as mean± standard deviation. Differences between sedentary and trained rats were determined using Student's two tailed independent t-test. p values of ≤0.05% were considered significant.
Results

Differential protein expression in trained versus untrained soleus and tibialis anterior muscles
In order to evaluate the impact of training on the proteins of two muscle types, we studied the differences between protein expression profiles of untrained and trained muscles by 2-DE. The proteins were separated and resolved in all areas of the gels and an average of 900 spots were detected on silver stained gels using ImageMaster 2D Platinum software version 6.0. Each protein sample was run in triplicate to obtain statistically significant results. Fig. 1 reports representative gel images of soleus and tibialis anterior before (A and C respectively) and after (B and D respectively) training. The parameters used to assay the significance of expression variation were: a fold change of 1.8 in relative spot volume (%V = V single spot / V total spots, where V is the integration of the optical density over the spot area) and a t-test statistical probability less than 0.05 (p < 0.05). The spots that satisfied these criteria are circled in Fig. 1 . Of these, 14 spots (spots 5T-18T) were detected in the tibialis anterior muscle (C, D) whereas in the soleus muscle (A, B) only 4 spots (spots 1S-4S) varied after training. Table 1 shows the quantitative data and statistical analyses of protein spots whose intensity levels significantly differed between trained and untrained rats. In trained tibialis anterior 12 spots (spots 5T, 7T, 8T, 9T, 10T, 11T, 12T, 13T, 14T, 15T, 16T and 17T) showed a down-regulation in comparison to the untrained muscle and two spots (spots 6T and 18T) were detected only in the untrained condition. In soleus muscle one spot (spot 3S) showed an increase and one spot (spot 4S) a decrease in expression level when trained. In this muscle two protein spots (spots S1 and S2) were detected exclusively after training. %V of 8 protein spots (spots 5T, 7T, 8T, 9T, 10T, 14T, 15T and 17T) changed significantly with a confidence level above 99% (p < 0.01) whilst the %V of other 6 protein spots (spots 11T, 12T, 13T, 16T, 3S and 4S) changed Table 1 -Quantitative data and statistical analyses of protein spots whose %V differed significantly between untrained and trained rats. S indicates spots found in soleus muscle and T in tibialis anterior muscle. significantly with a confidence level between 99% and 96% (0.01 ≤ p ≤ 0.04).
Protein identification by mass spectrometry
Thirteen differentially expressed spots (spots 3S, 4S, 7T, 14T, 5T, 8T, 9T, 10T, 11T, 12T, 15T, 13T and 16T) as well as two spots (spots S2 and T6) which were detected exclusively in one condition were excised from preparative Coomassiestained 2-DE gels obtained from 2 pools: one from trained and untrained soleus muscles and the other from trained and untrained tibialis anterior muscles (Figs. 1s and 2s) . These spots were in-gel digested with trypsin, and subsequently analyzed by mass spectrometry. All identified proteins are described in Table 2 and are indicated by arrows and numbers in Fig. 1 . The sequence coverage of the proteins identified ranges between 22 and 47% depending on protein size and amount. In trained tibialis anterior muscle two spots corresponding to Alpha-enolase (spots 7T and 14T) and five of Beta-enolase (spots 5T, 8T, 9T, 10T and 11T), are downregulated. Both proteins are glycolitic enzymes but they participate in many other physiological and pathological processes; such as growth control, hypoxia tolerance and striated muscle development and regeneration [41, 42] . Another glycolitic enzyme which is down-regulated in trained rats is Triosephosphate isomerase (spot 15T) that converts D-glyceraldehyde 3-phosphate in glycerone phosphate and vice versa. The fact that important glycolitic enzymes show a reduced expression after training probably indicates a partial switch to an aerobic metabolism. Also down-regulated after training are ES1 protein homolog (spot 12T), Lactoylglutathione lyase (spot 13T) and Creatine kinase M-type (spot 16T). ES1 protein belongs to the ES1 family characterized by an N-terminal presequence which directs them to mitochondria. Lactoylglutathione lyase (spot 13T) catalyzes the conversion of hemimercaptal, formed from methylglyoxal and glutathione, to S-lactoylglutathione. Methylglyoxal is a toxic by-product of glycolysis and other metabolic pathways. In mammalian cells the principal route for detoxification of this reactive metabolite is via the glutathione-dependent D-lactate forming glyoxalase pathway which involves lactoylglutathione lyase. Creatine kinase (spot 16T) reversibly catalyzes the transfer of phosphate between ATP and various phosphogens (e.g. creatine phosphate). It has a role in energy transduction in tissues with large, fluctuating energy demands, such as that of skeletal muscles. In soleus muscles we identified two proteins whose expression levels are reduced after training: mitochondrial NADH dehydrogenase 1 alpha subcomplex (spot 3S) and mitochondrial Elongation factor Tu (spot 4S). Mitochondrial NADH dehydrogenase 1 alpha subcomplex is an accessory subunit of the mitochondrial membrane respiratory Complex I. This complex is activated during the transfer of electrons from NADH to the respiratory chain. The mitochondrial Elongation factor Tu (spot 4S) promotes the binding of aminoacyl-tRNA to ribosomes during protein biosynthesis. Among the proteins expressed exclusively in untrained tibialis anterior we identified an isoenzyme of Beta-enolase (spot 6T) whilst we identified exclusively in trained soleus muscle Disulfide-isomerase A3 (spot 2S), protein which catalyzes \S\S\ bond rearrangement in proteins. 
3.3.
Training induced protein carbonylation
In order to discover variations in protein oxidation induced by training, we evaluated the protein carbonylation pattern by proteomic approach in both tibialis anterior and soleus muscles. We marked carbonylated proteins with DNPH and the DNPderivates, after detection by specific antibody, were analyzed using 2-DE followed by Western blot (Oxyblots). Fig. 2 shows a representative image of the Oxyblots obtained from untrained soleus and tibialis anterior muscles (A and C) and trained soleus and tibialis anterior muscles (B and D). In order to exclude nonspecific staining, we performed an experiment during which the incubation of IPG strips with DNPH was omitted. In this condition no DNP-derivate can be obtained. The PVDF membrane was then incubated with DNP-antibodies as described in materials and methods. The spot corresponding to the faint signal detected in the oxyblot from soleus muscle was excluded from analysis ( Fig. 3s of supplementary materials) . Oxyblot images were analyzed using Imagemaster 2D Platinum software and the normalization of immunoreactive spots was performed against their respectives on silver stained gels. A mean of 265 ± 50 and 306± 17 carbonylated spots was detected in soleus from untrained and trained rats respectively. In tibialis anterior muscles the mean of carbonylated spots was 191 ± 31 for untrained rats and 202 ± 10 for trained rats. We compared % V values of spots on Oxyblots of control muscles with those on Oxyblots obtained after training. We considered modified in carbonylation those spots whose %V in post-training Oxyblots was at least 1.8-fold higher or lower than that in untrained muscle Oxyblots. Only the reproducible differences were taken into account. From this analysis we found 13 protein spots that were differentially carbonylated between untrained and trained soleus muscles (Fig. 2, panels A and B) and 16 differentially carbonylated spots between untrained and trained tibialis anterior muscles (Fig. 2, panels C and D) . These protein spots are circled in Fig. 2. 
Identification of proteins whose carbonylation is affected by training
In order to identify significant spots, we performed preparative gels which were then colloidal Coomassie-stained (Figs. 1s and 2s) . The oxyblot images were matched to the corresponding colloidal Coomassie stained 2-DE gels and the spots that corresponded to carbonylated proteins were cut and subjected to mass spectrometry analysis. The increment of protein load caused an expected loss of separative power and some carbonylated spots, detectable with silver staining, were not clearly detected in Coomassie stained gels (Fig. 2 , white circles). Among the protein spots showing a modified Fig. 2 -Western-blots probed with anti-DNP antibodies to detect DNPH-reactive carbonyl groups in skeletal muscle proteins. Proteins from soleus untrained (A), soleus trained (B), tibialis anterior untrained (C), and tibialis anterior trained (D) were separated by IEF and carbonylated proteins were derivatized with DNPH in the strip (18 cm, 3-10 NL). Second dimension was performed in 9-16% polyacrylamide linear gradient. Circles (black and white) indicated spots which carbonylation was affected by training. Black circles and number indicate spots identified by MS.
carbonylation level, we identified 14 spots by mass spectrometry (Table 3) which are indicated by black circles and numbers in Fig. 2 . Mass data of spots reported in Table 3 can be found in  Table 1s (supplementary materials). Six protein spots present an increased in carbonylation level only in soleus muscles. Among these we found two spots corresponding to Carbonic anhydrase 3 (spots 9S and 62S) and 4 spots corresponding to Fructose-bisphosphate aldolase A (spots 17S, 18S, 19S and 20S. Carbonic anhydrase 3 (CA3) is a member of a multigene family that encodes carbonic anhydrase isozymes. These carbonic anhydrases are a class of metalloenzymes that catalyze the reversible hydration of carbon dioxide and are differentially expressed in various cell types. The expression of the CA3 gene is strictly tissue specific and present at high levels in skeletal muscles and at much lower levels in cardiac and smooth muscles; Fructose-bisphosphate aldolase A is a glycolytic enzyme present in several isoforms on the 2-DE gels. These isoforms show a different carbonylation intensity after training (spot 17S shows a 2.5-fold change and spots 18S, 19S and 20S show a 4.3-fold change). This could indicate that some isoforms are more susceptible to oxidation than others, probably due to their specific structural features. Three spots corresponding to the structural protein Actin (spots 5T, 37T and 61T) present an increased carbonylation only in trained tibialis anterior muscles whereas Myosin-7 (spots 63T and 63S) carbonylation is up-regulated in both trained tibialis anterior and soleus muscles. Mitochondrial Stress-70 protein (spots 21T and 21S) and Heat shock protein 1A/1B (spots 29T and 29S) also show an increased carbonylation level after training in both muscle types. Both proteins are members of the heat shock protein 70 family and play a role in the processing of cytosolic and secretory proteins as well as in the removal of denatured or incorrectly-folded proteins. We also found an up-regulation in the post-training carbonylation level of Dihydrolipoyllysine-residue acetyltransferase component of pyruvate dehydrogenase complex (spots 30T and 30S). This protein catalyzes the conversion of pyruvate to acetyl-CoA and CO 2 .
3.5.
A basal level of protein carbonylation
Despite the low amount of variations in protein carbonylation patterns after training, our analysis highlights a consistent number of spots carbonylated in both muscle types as emerges from the representative Oxyblots in Fig. 2 . In particular, the ImageMaster 2D Platinum software detected 265 ± 50 (control soleus muscle), 306 ± 17 (trained soleus muscle), 191 ± 31 (control tibialis anterior muscle) and 202 ± 10 (trained tibialis anterior muscle) carbonylated spots. These data suggest the presence of a basal and supposedly physiological level of carbonylation (varying between rats, as indicate the standard deviation values) that slightly increases after training. In order to obtain a global pattern of carbonylation independently from physical activity and in order to minimize the biological variability between different individuals, the images of all Oxyblots were used to perform two synthetic gels (one for tibialis anterior and one for soleus) in which only spots present in at least 7 muscle samples (on a total of 8 muscles sample analyzed) were taken into account. This type of gel is obtained by averaging the positions, shapes and optical densities of the spots in a given set of gels [43, 44] . Fig. 3 reports the synthetic gels obtained from soleus (A) and tibialis anterior (B) muscle Oxyblots. These synthetic gels represent the common carbonylation pattern that can be found in these two types of rat muscles. This pattern is independent both from training (in fact the oxidized spots were present both in untrained and trained muscles) and from biological variability between different individuals because the spots present in the synthetic gels were found carbonylated in at least 7 of 8 muscle samples.
Comparisons between the two synthetic Oxyblots show that the global pattern of carbonylation varies between the two muscle types and partially reflects the different protein expression profile. The computer-aided analysis of the two synthetic Oxyblot carbonylation profiles pointed out a total of 148 spots in soleus and 122 in tibialis anterior.
Identification of proteins carbonylated independently from training
In order to identify carbonylated spots, we performed preparative gels which were then colloidal Coomassiestained (Figs. 1s and 2s ). The Oxyblot images were then matched to the corresponding colloidal Coomassie stained 2-DE gels and the spots that corresponded to carbonylated proteins were cut and subjected to mass spectrometry analysis. The increment of protein load caused an expected loss of separative power and some carbonylated spots, detectable with silver staining, were not clearly detected in Coomassie stained gels. Furthermore, analyzing Coomassie stained gels, we were unable to pick several carbonylated spots whose were clearly visible on Oxyblot acidic regions (Fig. 2) , due to imprecise overlapping between two types of images (Oxyblot image and Coomassie stained gel image). We identified, by mass spectrometry, 30 protein spots in the tibialis anterior muscle and 47 in the soleus (Figs. 1s and 2s) . Spots identified are indicated in Fig. 3 by circles and numbers. For detailed interpretation of our proteomic results, we categorized these proteins into five groups, according to functions. Category I includes proteins involved in anaerobic metabolism; category II consists of proteins involved in oxidative metabolism; category III covers structural proteins; category IV groups Hsp70 family chaperones and category V includes other proteins. The proteins belonging to these categories are reported in Table 4 and the mass spectrometry data of spots indicated in Table 4 and Fig. 3 are shown in Table 2s of supplementary materials.
Category I: anaerobic metabolism
Among the protein spots carbonylated in both types of muscle and involved in the carbohydrate metabolism we found several glycolytic enzymes: Glyceraldehyde-3-phosphate dehydrogenase (spots 47S, 47T, 48S and 48T), a key enzyme in glycolysis that catalyzes the first step of the pathway; 4 spots corresponding to Fructose-bisphosphate aldolase A (spots 17S, 17S, 18S, 18T, 19S, 19T, 20S and 20T) and Phosphoglycerate kinase 1 (spots 16S, 16T). We noticed that, while in soleus, which is predominantly characterized by aerobic metabolism, two Beta-enolase spots were carbonylated (spots 45S and 46S), in tibialis anterior only one is (spot 48T). A similar trend of carbonylation is shown by the mitochondrial Creatine kinase S-type; one spot was carbonylated only in soleus muscle (spot 13S) and three spots were carbonylated in both muscle types (spots 14S, 14T, 15S, 15T, 16S and 16T). On the other hand, three spots corresponding to the cytosolic isoform of Creatine kinase (M-type) were carbonylated both in soleus and in tibialis. As reported above, these proteins are involved in energy transduction in tissues with large energy demands.
Category II: oxidative metabolism
In category (II) we identified proteins involved in oxidative metabolism and in the respiratory chain. The cytoplasmic Malate dehydrogenase (spot 8S), resulted carbonylated only in soleus muscle. In this category we also found two mitochondrial proteins whose carbonylation is present in both muscles: a mitochondrial component of pyruvate dehydrogenase complex, the Dihydrolipoyllysine-residue acetyltransferase (spots 30S and 30T) that catalyzes the conversion of pyruvate to acetyl-CoA and CO 2 and subunits alpha and beta of mitochondrial ATP synthase (spots 40S, 40T, 60S and 60T). This complex produces ATP from ADP.
Category III: structural proteins
Many proteins belonging to this category are responsible for the generation of physical movement. Among these, we identified 4 spots of Troponin T (spots 4S, 5S, 6S and 7S). This protein resulted carbonylated only in soleus muscle, since it is typically expressed in slow-twitch fiber. We also identified: Myosin light chain 3, a regulatory light chain of myosin which does not bind calcium and was found to be carbonylated in the soleus (spot 34S) and Myosin-7, responsible for muscle contraction, carbonylated in both muscles (63S and 63T). This category also includes: two spots of Desmin, an intermediate filament found in muscle cells and carbonylated only in the Soleus muscle (spots 33S and 42S); and 4 spots of Alpha-actin, involved in cell motility and ubiquitously expressed in all eukaryotic cells (spots 35S, 35T, 36S, 36T, 37S, 37T, 61S and 61T). Finally we identified Testin (spots 55S and 55T) a scaffold protein involved in cell adhesion, cell spreading and in the reorganization of the actin cytoskeleton. These gels were composed with the oxyblots images from all animals (untrained and trained) and show only the carbonylated spots matched in at least seven of the eight gels obtained from muscle samples. The spots identified by MS were indicated.
Category IV: Hsp70 family chaperones
All proteins belonging to this category act as chaperones and cooperate in promoting the refolding and proper assembly of unfolded polypeptides generated under stress conditions. Members of this family resulted carbonylated in both the muscles types with the exception of the heat shock 70 kDa protein 1A/1B that was carbonylated exclusively in soleus (spot 29S). The identified proteins are: mitochondrial 60 kDa heat shock protein (spots 31S and 31T), the Heat shock 71 kDa (spots 53S and 53T) and the mitochondrial Stress-70 protein (spots 21S and 21T).
Category V: other proteins
Belonging to this category we found: voltage-dependent anion-selective channel protein 1, carbonylated only in the soleus muscle (spot 23S). This protein forms a channel through the mitochondrial outer membrane which allows the diffusion of small hydrophilic molecules. It may also participate in the formation of the pore complex that is responsible for the release of mitochondrial products that trigger apoptosis. We also identified Carbonic anhydrase 3, a major participant in liver response to oxidative stress, which is mainly carbonylated in the soleus with its five carbonylated spots (spots 10S, 11S, 12S, 39S and 62S) compared to its single carbonylated spot in tibialis (spot 62T). Finally we list in this category Serum albumin, (spots 25S, 26S, 27S, T27 and 28S) which results carbonylated in both muscle types.
Validation of proteomic results
In order to validate this proteomic result, the reduction of alpha and beta-enolase expression in tibialis anterior muscles after training was confirmed by Western blot analysis with specific antibodies as shown in Fig. 4 , panel A. Twenty micrograms of proteins were loaded on 12% SDS-PAGE and transferred onto a PVDF membrane. For quantification, the intensities of the immunostained bands were normalized to the total protein intensity in the same blot, as measured by Coomassie brilliant blue. In Fig. 4 , panel B, the histogram representing enolase expression variation, shows a reduction in enzyme expression. In order to confirm that the identified proteins were electively carbonylated we chose two enzymes (aldolase A and enolase) and one structural protein (actin) to perform an immunoprecipitation/Oxyblot experiment. Fig. 4 panel C shows that all three immunoprecipitated proteins react with DNP-derivate antibodies.
Determination of antioxidant enzymes activities and lipid peroxidation
In order to evaluate the antioxidant mechanisms induced by training, we measured in both types of muscles and in both conditions (trained and untrained) the activity of two antioxidant enzymes: Catalase (CAT) and Superoxide Dismutase (SOD). Notes to Table 4 a Spot numbers match those reported in the representative 2-DE images shown in Fig. 3 . b Accession number in Swiss-Prot/UniprotKB.
reports the Catalase (CAT) and Superoxide Dismutase (SOD) enzymatic activities, evaluated in both trained and untrained soleus and tibialis anterior muscles. CAT activity (panel A) decreased in both skeletal muscles in response to training (p < 0.01). On the other hand, SOD-1 activity decreased (in tibialis anterior) or tended to decrease (in soleus) and SOD-2 increased (in soleus) or tended to increase (in tibialis anterior) in response to training. It should be stressed that the level of enzymatic activity may reflect the fact that the muscles had been subjected to recent exercise (the sacrifice occurred 1 h after the last training session). Moreover we observed no significant differences in lipid peroxidation after training, which were determined by measuring the malondialdehyde levels in both types of muscles (data not shown). 
Discussion
It is well known that protein carbonylation depends on the presence of conjugated metals, on the position of specific amino acids in the protein structure, on the degree of oxidative stress in the compartment where the protein originated and on ROS concentration. The protein oxidation level and its variations following physical training have been investigated by many authors using a spectrophotometric assay of carbonyl content. While this method provides a global measurement of carbonylation it does not allow the identification of protein targets. In a previous paper we reported the characterization of plasma protein carbonylation in response to physical exercise in trained male endurance athletes, in order to obtain an overview of post-training plasma proteins oxidation [24] .
In the present study, by using an experimental animal model, we analyzed the influence of aerobic training on protein expression and formation of carbonyl adducts in two types of rat skeletal muscle: tibialis anterior and soleus. As expected, we found that aerobic training induced a partial switch to aerobic metabolism in the tibialis anterior, basically a fast-twitch glycolitic muscle, where several proteins involved in glycolysis were downregulated. On the other hand, only few variations in protein expression profile were induced in soleus muscle (characterized by a mostly aerobic metabolism). Concerning protein carbonylation, the main objectives of this study were to explore whether oxidative modifications occur differentially in different types of skeletal muscle, both in terms of total amount of carbonylation and of fiber-type specificity of the proteins involved.
Proteomic analysis showed the presence of two categories of proteins: proteins endowed with a basal level of carbonylation independently of exercise and proteins whose carbonylation increased after training. About the former, our results underline the existence of a high basal level of protein carbonylation. Although this level shows some variation among individual animals, several protein spots appear carbonylated in all animals, in both types of skeletal muscle and independently of training. Most of these proteins are involved in energy metabolism, carbohydrate metabolism, muscle contraction and stress response. This indicates that many cellular proteins can be ROS targets regardless of their sequence and specific localization. Furthermore in soleus muscles the percentage of carbonylated proteins (number of spots present in WB/ number of spots visible in silver stained gel) is higher than in tibialis anterior muscles (35% and 18% respectively), thus indicating that the aerobic metabolism promotes ROS formation and protein oxidation. It is worth underlining that the targets of carbonylation are partially different between the two muscle types, mostly reflecting differences in protein expression patterns (see, for example, Troponin T and Carbonic anhydrase that are more expressed in soleus muscle than in tibialis anterior). Despite the differences observed in the two muscle types, this study brings to focus a basal level of carbonylation. Such basal level is common in mammalian tissues and it might to be due to the ability of proteins to act as ROS scavengers. Other recent publications [25] report basal levels of carbonylation in plasma and, in particular, in muscles [45, 46] independently of exercise or oxidative stress (Table 5 ). An important challenge for future investigation in this field will be to understand the impact of carbonylation on specific proteins and to evaluate whether and in which circumstances this basal level, which is supposed well tolerated by cells, may increase as to hamper their functions. The latter group of carbonylated proteins includes those displaying a difference in oxidative damage between the trained and untrained muscles. Belong to this group Fructose-bisphosphate aldolase A and Carbonic anydrase 3 in soleus and Actin in tibialis anterior. Fructosebisphosphate aldolase A is a glycolytic enzyme that catalyzes the reversible aldol cleavage or condensation of fructose-1,6-bisphosphate into dihydroxyacetone-phosphate and glyceraldehyde 3-phosphate. Its catalytic mechanism is characterized by the formation of a Schiff base intermediate between a highly conserved active site lysine and a substrate carbonyl group. This feature is probably responsible of the fact that, together with many glycolytic enzymes, it is a common target of oxidation in aging tissues [47, 48] . In turn, also Carbonic anydrase 3 was one of the first recognized targets of in vivo oxidative modification [49] in the aging process. Myofilament proteins such as Actin have been found to be particularly susceptible to oxidative damage; this topic has been extensively reviewed by Barreiro and Hussain [50] , which flatly concluded that "… observations… suggest that …these modifications play important roles in regulating muscle function.". Moreover, two proteins belonging to the heat shock family were found to be more carbonylated in trained than in untrained conditions in both muscles. It has been shown that chaperons of the HSP70 family can physically interact with and prevent thermal inactivation of sarco(endo)plasmic reticulum Ca(2 +)-ATPase (SERCA) 1a in skeletal muscle [51] . Since SERCA ATPases are easily inactivated by ROS [52] , the possibility that molecular chaperons protect them from oxidation by taking on themselves the oxidative modifications is very enticing.
The increased carbonylation level may be correlated with the reduced CAT and SOD1 enzymes activity in both skeletal muscles. As reported by many authors, CAT expression decreases in muscles following physical activity [53, 54] . It is still likely that the increase in the enzymatic activity of SOD-2 (the mitochondrial isoform of SOD) may reflect the need for an increased detoxification of ROS originating in the mitochondria as a consequence of the aerobic training. On the contrary the lipid peroxidation, measured by the malondialdehyde level, was unaffected, indicating no damage to skeletal muscle cell membranes after aerobic training. More studies will be necessary in order to understand the reason(s) for the differential carbonylation pattern in the two different muscle types and the selectivity of the oxidation targets.
Supplementary materials related to this article can be found online at doi:10.1016/j.jprot.2011.10.017.
